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The quark-antiquark potential and the chromoelectric elds generated by \quarks" in the adjoint representation
of four-dimensional SU(2) color are analyzed in the scaling region of the theory. New results with interesting
implications for our understanding of the connement mechanism are presented. In particular, the formation
of color-electric ux-tubes between adjoint quarks is demonstrated. The ux-tubes for fundamental and adjoint
representation quarks are shown to have very similar cross-sections. This result could imply that the QCD vacuum
is dual to a type I superconductor.
Linear connement in QCD has been well es-
tablished by lattice simulations of the quark-
antiquark (QQ) potential. However the physical
mechanism underlying connement has yet to be
established, and this continues to represent a fun-
damental challenge to our understanding of QCD.
Valuable information, such as ux-tube forma-
tion, has been obtained from studies of the color
elds generated by a QQ pair, as this provides
a more detailed probe of the system than is ob-
tained from the potential [1{3].
The quark-antiquark potential and the chromo-
electric elds generated by \quarks" in the ad-
joint representation of SU(2) color are analyzed
here in the scaling region of the theory. It is
widely expected that adjoint quarks should ex-
hibit dynamics with some important dierences
from quarks in the fundamental representation,
thus providing a unique probe of connement
physics [4,5,2,6]. Recently, Michael has obtained
some indication that the potential for adjoint
quarks may saturate at very large separations R,
where the energy in the ux-tube exceeds twice
the energy of a gluon-adjoint quark bound state
(a color-singlet \gluelump") [5]. Further evidence
of adjoint quark screening is obtained here by
comparing the distribution of elds generated by
quarks Q
j
in the adjoint (\isospin" j = 1) and
fundamental (j = 1=2) representations.
The SU(2) lattice theory with standard Wilson
action is used. Given a set of links U

(x), a cor-

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(x) is constructed
according to [7]:
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where c is a positive constant, and N is chosen so
that det
~
U
1
= 1. Twenty iterations of this fuzzing
procedure, with c = 2:5, are used. Wilson loops
~
W
j
in the two representations are given by
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where D
j
[
~
U
l
] is an appropriate representation of
the link (\fuzzy" spatial links and \ordinary"
time-like links).
~
W
1
= (4
~
W
2
1=2
  1)=3 is used.
The Q
j
Q
j
eld strengths are obtained from
plaquette correlators. Results are reported here
for the component of the color-electric eld in the
direction ^x parallel to the Q
j
Q
j
axis
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where U
14
is a plaquette with sides along the ^x
and time-like axes. In the continuum limit E
j
re-
duces to the expectation value of
1
2
P
a
(
~
E
a
 ^x)
2
in the presence of a Q
j
Q
j
pair, after vacuum sub-
traction [1].
2Figure 1. Time-dependence of the ratio of elds
E
1
=E
1=2
at the center of the Wilson loop for R = 3
(open box) and R = 5 (lled box).
Analytical integrations are made on the time-
like links in the Wilson loop [8], and over the
four links in a plaquette [9]. This provides for
a reduction in errors in E
j
by a factor of as
much ve. It is also advantageous to use hU i '
hW
j
U (x
R
)i = hW
j
i [1], which is found to be well
satised with x
R
=
p
3 8 lattice units from the
center of the Wilson loop.
The calculations were done on a 16
4
lattice at
 = 2:4. More than 10,000 sweeps were used for
thermalization. 1,800 measurements were made
of fuzzy Wilson loops of sizes RT from 31 to
85. 6,000 further measurements were then made
of loops with R = 7 and 8. 100 heat bath sweeps
were made between measurements, yielding in-
tegrated autocorrelation times 
int
<

0:5. Esti-
mates of the statistical errors were obtained us-
ing the jackknife method. The \time-dependent"
estimate of the potential V
est;j
= ln[
~
W
j
(R; T  
1)=
~
W
j
(R; T )] becomes independent of T for T
>

3,
within statistical errors. The same is true of the
eld strength, as shown in Figure 1, although the
statistical errors in the elds are much larger than
in the potential (useful results for R = 7 and 8
could only be obtained for T = 3).
The eect of screening of adjoint quarks is ap-
Figure 2. Fields versus x
k
at R = 7 for j = 1 ()
and j = 1=2 ().
parent in the potential data. At R  T = 8 4,
for example, V
est;1
=V
est;1=2
= 2:470:02. Michael
has obtained results for larger R [5]; at R = 12,
V
1
=V
1=2
is between about 2.1 and 2.3 (the un-
certainty comes from an estimate of the system-
atic errors in the extrapolation to T ! 1).
These results are to be compared with the ratio
of Casimirs j(j + 1) of the two representations,
equal to 8=3 = 2:6
_
6.
Screening is more evident in the eld strength.
Figures 2 and 3 show the elds as functions of
position x
k
in the plane of the Wilson loop, us-
ing data at T = 3. The quarks are located at
x
k
= R=2. Figure 4 shows the ratio of elds at
the center of the Wilson loop as functions of R
(at T = 3). Near the quarks, the ratio of eld
strengths E
j=1
=E
j=1=2
is close to the Casimir ra-
tio 8/3, for all R. In the region between the two
quarks the ratio of elds falls below 8/3, reach-
ing a minimum at x
k
= 0. The ratio is sig-
nicantly reduced at large R. At R = 5, for
example, E
j=1
=E
j=1=2
= 1:97  0:02 at T = 3,
and 1:91  0:08 at T = 4. Quantitatively simi-
lar results for the ratio of elds at a given R are
found at all points in the plane perpendicular to
the Q
j
Q
j
axis (see Figs. 5 and 6, described be-
low). This suggests that there is a reduction in
the color-electric ux in the region between the
3Figure 3. Ratio of elds versus x
k
for R = 3
(open box) and R = 7 (lled box). The dashed
line shows the ratio of Casimirs.
Figure 4. Ratio of elds in the center of the Wil-
son loop versus R.
Figure 5. Fields E
j
versus x
?
at R = 3 for j =
1 (4) and j = 1=2 (). The elds have been
normalized to their values at x
?
= 0.
adjoint quarks.
One naively expects that adjoint quarks be-
come completely screened at suciently large R,
where it becomes energetically favorable for the
ux-tube to ssion, leading to the formation of a
pair of quark-gluon bound states (\gluelumps")
[5]. One would therefore expect the elds in
between the quarks to approach vacuum values
at large R. The fact that the ratio of elds
E
j=1
=E
j=1=2
in between the quarks falls well be-
low the ratio of Casimirs as R increases can be in-
terpreted as evidence of vacuum screening. How-
ever, even at the largest R probed here, E
j=1
is
greater than E
j=1=2
. Nevertheless, the data pre-
sented here suggests that the local adjoint eld
strength exhibits screening which, in some re-
gions, is more pronounced than is indicated by the
potential. This is presumably due to the fact that
the potential averages the elds over all space.
A calculation on larger lattices of the plaquette
correlators at larger T and R is needed in or-
der to determine whether the adjoint quark elds
become completely screened at large separations.
Unfortunately, the methods used here appear to
be inadequate for this task.
Results for E
j
as a function of position x
?
per-
pendicular to the Q
j
Q
j
axis are shown in Figs. 5
4Figure 6. Fields E
j
versus x
?
at R = 7 for j = 1
(4) and j = 1=2 ().
and 6. The elds exhibit a \penetration depth"
of a few lattice spacings. The fundamental and
adjoint quark ux-tubes appear to have very simi-
lar cross-sections, despite appreciable screening of
the elds in between the adjoint quarks at large
R.
This result has implications for the dual super-
conductor model of connement [10]. In type II
superconductors a domain wall formed between
normal and superconducting regions has negative
surface energy, so that many normal regions are
created, each carrying an elementary quantum of
ux. In type I superconductors however a do-
main wall has positive surface energy, hence as
few normal regions as possible are created [11]. If
the dual superconductor picture is correct, then
the fact that adjoint quarks form a single ux-
tube, with a cross-sectional structure similar to
the ux-tube formed by fundamental quarks, may
suggest that the QCD vacuum is dual to a type I
superconductor.
These results also suggest a connection between
the connement mechanism in QCD in both three
and four dimensions, and in three-dimensional
QED. The elds generated by QQ pairs in sev-
eral representations of three-dimensional SU(2)
and U(1) lattice theories were calculated in Ref.
[2]. The elds were found to be restricted to a
ux-tube whose cross-section is approximately in-
dependent of the representation. It is interest-
ing to note that Abelian magnetic monopoles are
present in all of these theories.
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